shoot tips, flower buds, and roots. AtGRF1 through AtGRF6 genes were strongly expressed in roots, upper stems, and shoot tips; on the contrary, these genes were expressed at low levels in mature stems and leaves. In addition, AtGRF7 and AtGRF8 were mostly expressed in shoot tips and flowers. Overexpression of AtGRF1 and AtGRF2 correlated with larger leaves and cotyledons. On the other hand, triple insertional null mutants of AtGRF1-AtGRF3 involved smaller leaves and cotyledons. These results suggest that AtGRF proteins affect the regulation of plant development and growth (Kim et al., 2003) . Kim and Kende (2004) showed that AtGRF1 and AtGIF1 may act as a transcription activator and coactivator, respectively, and may be components of regulating the growth and shape of leaves and petals. The AtGRF5 gene was shown to regulate cell proliferation, especially during the development of leaf size and shape (Horiguchi et al., 2005) . Recently, the Arabidopsis GRF7 protein was demonstrated to interact directly with the dehydration-responsive element-binding protein 2A (DREB2A) promoter and repress DREB2A activity (Kim et al., 2012) .
In rice, 11 homologs of OsGRF1 were identified and characterized. Totally, 12 OsGRF proteins contain 2 conserved regions: the QLQ (Gln, Leu, and Gln) and WRC (Trp, Arg, and Cys) domains. Studies showed that OsGRF genes were expressed especially in growing tissues. Gibberellic acid applications improved the expression of 7 OsGRF genes (OsGRF1, 2, 3, 7, 8, 10, and 12) . Most OsGRF genes were expressed at the highest level in nodes and rapidly growing primary leaves, while OsGRF genes were expressed at very low levels in root tissues. Based on in situ localization analysis, OsGRF1 mRNA was observed in the epidermis, vascular bundles of the intercalary meristem of the internode, and adventitious roots of the second highest node (Choi et al., 2004) . In addition, 14 homologs of ZmGRF genes and 3 homologs of ZmGIF genes were identified and characterized in maize (Zea mays L.). In particular, overexpression of both ZmGRF11-ZmGIF2 and ZmGRF2-ZmGIF3 genes speeds the growth of the inflorescence stem when compared to wild-type A. thaliana, and these genes were suggested to be responsible for growth and development in maize . ZmGRF2, ZmGRF5, ZmGRF9, and ZmGRF13 were expressed at higher levels in immature leaves than old leaves, whereas ZmGRF3, ZmGRF5, ZmGRF6, ZmGRF7, ZmGRF9, ZmGRF11, and ZmGRF13 were expressed notably in immature ears. ZmGRF11 and ZmGRF2 were also highly expressed in ears and shoots. Thus, the GRF and GIF gene families may play critical roles in the growth and development of these organs or tissues .
Grasses have important potential in providing human and animal nutrition and they may be strategic candidates for renewable energy sources (Vain, 2011) . Brachypodium distachyon (L.) Beauv., named "purple false broom", is a new model plant for grasses and herbaceous energy crops (Draper et al., 2001) . The whole-genome sequence of Brachypodium was completed and it provides information for understanding grass genome evolution (International Brachypodium Initiative, 2010) . Based on the genome sequencing data, the genus Brachypodium is more closely related to wheat, barley, and forage grasses than to rice (Opanowicz et al., 2008) . Furthermore, Brachypodium is convenient for functional genomics research in grasses owing to its small genome size and physical stature, short lifecycle, and simple growth requirements (Ozdemir et al., 2008) . In the present study, we aimed to investigate Brachypodium GRF genes at the genome-wide scale. Brachypodium GRF gene numbers and duplications, exonintron structures, protein motif analysis, physicochemical properties, putative biological functions, and phylogeny were analyzed in detailed.
Materials and methods

Identification of the GRF family in Brachypodium
We used 9 Arabidopsis (Kim et al., 2003) , 14 maize , and 12 rice (Choi et al., 2004 ) GRF protein sequences collected from the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/ protein/) as query sequences. Subsequently, we performed a BLASTP search of the Brachypodium distachyon genome at the Joint Genome Institute (http://www.phytozome.net). The sequences were selected as predicted proteins if their E-value satisfied E ≤ e -10 and redundant sequences were removed. We obtained information on protein sequences, cDNA sequences, genomic sequences, intron distribution patterns and phases, and intron/exon boundaries. The Pfam (http://pfam.sanger.ac.uk) and SMART (http:// smart.embl-heidelberg.de) proteomics servers were then used to verify the conserved domains of GRF proteins.
Motif and phylogenetic analysis of predicted GRF proteins in Brachypodium
All confirmed BdGRF protein sequences were aligned using Clustal W (Thompson et al. 1994 ) in BioEdit 7.1.3.0 (Hall, 1999) . The conserved motif analysis was performed with MEME (Multiple Em for Motif Elicitation) software (Timothy et al., 2009 ). The following parameter settings were used: distribution of motifs, 0 or 1 per sequence; maximum number of motifs to find, 5; minimum width of motif, 6; maximum width of motif, 50. Phylogenetic analyses were conducted using MEGA version 5.1 (Tamura et al., 2011 ) by a neighbor-joining tree based on the multiple sequence alignment of all predicted GRF protein sequences including the following parameters: Poisson correction, pairwise deletion, and bootstrap analysis with 1000 replicates.
Chromosomal distribution, gene duplication, and structural analysis of GRF genes in Brachypodium
To identify gene duplications among all putative genes, the following parameters were adopted: the alignment of the coding nucleotide sequences covered 70% of the longest genes and the amino acid identity between the sequences was >70% (Yang et al., 2008) . A structural analysis of Brachypodium GRF genes, including exon and intron numbers and locations as well as conserved domain locations, was performed and displayed using the Gene Structure Display Server (http://gsds.cbi.pku. edu.cn/) (Guo et al., 2007) . Open reading frames (ORFs) were determined by using an ORF finder online (http:// www.ncbi.nlm.nih.gov/projects/gorf/). Physicochemical characteristics of GRF proteins were computed using the online ProtParam tool (http://www.expasy.org/tools/ protparam.html), including the number of amino acids, molecular weight, and theoretical isoelectric point (pI).
Putative functional analysis of Brachypodium GRFs
Functional annotations of BdGRF proteins were surveyed based on the Gene Ontology (GO) term analysis tool of Gramene (http://www.gramene.org/) developed by the Gene Ontology Consortium (Ashburner et al., 2000) . Accordingly, 10 BdGRF proteins were evaluated according to their molecular functions, biological processes, and cellular localizations.
Results
To identify the GRF coding genes in the Brachypodium genome, GRF proteins of Arabidopsis (9), maize (14), and rice (12) were used as query sequences. In total, 10 genes were identified as potential encoding GRF proteins. Subsequently, all predicted GRF proteins were surveyed to verify whether they contained QLQ and WRC motifs (Table 1) , which are the main characteristic residual motifs in GRF proteins. It was confirmed that all predicted GRF proteins contained QLQ and WRC domains (Figure 1) .
Their genome distributions and duplication analysis were studied and, among 10 BdGRF genes, only a single segmental duplication was estimated between the 2 GRF genes (BdGRF3 and BdGRF6) (Figure 2 ). In general, duplication events can cause gene expansion, especially in protein families. However, it seems that GRF gene duplications in Brachypodium did not cause gene expansion in the GRF gene family.
BdGRF ORF lengths ranged from 645 bp (BdGRF9) to 1347 bp (BdGRF1), and molecular weights ranged from 22.55 kDa (BdGRF9) to 48.83 kDa (BdGRF10), and pI values ranged from 4.81 (BdGRF6) to 9.64 (BdGRF9) ( Table 1) . GRF genes were distributed in all chromosome of the Brachypodium genome (Figure 2 ). The largest number of GRF genes was detected on chromosome 1, including 5 genes; in contrast, only 1 gene was located on chromosomes 2, 4, and 5 ( Figure 2 ; Table 1 ). Based on exon and intron structures, the average intron number was 2, while the average exon number of BdGRF genes was 3 (Table 1; Figure  3 ). Eight genes had 2 or more introns, whereas only 2 genes had 1 intron. Motif distribution analysis was performed using the MEME web server and a total of 5 common motifs were observed ( Figure 4 ; Table 2 ).
Motif I and motif II were especially distinctively observed in all predicted GRF proteins of Brachypodium and these motifs contained conserved GRF protein specific domains (QLQ and WRC). In addition, motif III and motif IV had the other GRF domains (FFD and TQL). The most similar motif types were determined in BdGRF5, BdGRF7, BdGRF8, and BdGRF10 with motif I, motif II, motif III, and motif IV, whereas the least common motif type was identified in BdGRF2, including motif I and motif II. Motif III (in BdGRF5, BdGRF7, BdGRF8, and BdGRF10), motif IV (BdGRF1, BdGRF5, BdGRF7, BdGRF8, and BdGRF10), and motif V (BdGRF3, BdGRF6, and BdGRF9) were observed 5, 6, and 3 times, respectively. In order to analyze the phylogenetic organization of the GRF proteins in Brachypodium, 10 GRF proteins were used with MEGA 5.1 based on the neighbor-joining method ( Figure 5 ). Accordingly, Brachypodium GRF proteins could be classified into 2 main groups (I and II). The main group I consisted of 6 GRF proteins (BdGRF1, BdGRF2, BdGRF5, BdGRF7, BdGRF8, and BdGRF10), whereas the main group II had 4 members (BdGRF3, BdGRF4, BdGRF6, and BdGRF9). The highest bootstrap value (100%) was observed in the main group II between BdGRF3 and BdGRF6.
To examine the phylogenetic relationship between monocot and dicot GRF genes, Brachypodium, rice, maize, and Arabidopsis GRF sequences were retrieved from genome databases. Ten BdGRF, 12 OsGRF, 14 ZmGRF, and 9 AtGRF protein sequences were used for comparative phylogenetic analysis (Figure 6 ). A total of 45 full-length protein sequences of GRF from monocot and dicot plant species were divided into 2 main groups, including subgroups named A, B, C, D, E, F, and G. In the comparative phylogenetic tree, subgroups A and F consisted of monocot species, whereas subgroups D and E had only dicot species. Notably, monocot (Brachypodium, maize, and rice) and dicot (Arabidopsis) GRF proteins were clustered together in subgroups B, C, and G. The highest number of BdGRFs were observed in subgroup C with 3 members (BdGRF1, 2, and 4), while the lowest was in subgroup F, including only 1 member (BdGRF9). BdGRF1 protein showed maximum similarity with maize at a 94% bootstrap value in subgroup C. Interestingly, a Brachypodium internal clade was observed between BdGRF3 and BdGRF6 with 57% 
Discussion
In this study, we used GRF gene and protein sequences of Arabidopsis, rice, and maize as queries to find BdGRF genes. Finally, 10 nonredundant GRF genes were identified and characterized in the Brachypodium genome. In the last decade, the GRF gene family has been identified and described in some plant species in detail. According to previous studies, 9 AtGRF genes (Kim et al., 2003) , 12 OsGRF genes (Choi et al., 2004) , and 14 ZmGRF genes were identified in Arabidopsis, rice, and maize, respectively. When comparing the Brachypodium genome size with other grass genomes, Brachypodium has a much smaller genome size (0.3 Mb) than rice (0.4 Gb) or maize (2.5 Gb) (Vain, 2011) . We found similar gene numbers in Brachypodium with 10 genes and it may support the idea that these GRF genes were conserved in monocot and dicot plant species. In rice, all OsGRF proteins include the highly conserved QLQ, WRC, and TQL domains in the N-terminal region (Choi et al., 2004) . In maize, QLQ, WRC, TQL, and FFD domains were identified . In our study, we identified 4 domains in BdGRF protein sequences containing WRC, QLQ, TQL, and FFD (Table 2 ; Figure 2) , consistent with earlier studies. It is widely accepted that the intron/exon structure contributes to the understanding of evolutionary relationships (Hu and Liu, 2011) . Additionally, exon/ intron gain/loss was substantial for structural divergence and functional differentiation (Xu et al., 2012) . In GRF genes of Arabidopsis, 7 genes contain 3 introns while 2 genes have 2 introns. In rice, GRF genes contained between 2 and 4 introns. The intron number and exonintron organization of GRF genes in Arabidopsis and rice are not well conserved, and these data showed that gene duplications in the GRF family have not been occurred recently (Choi et al., 2004) . Our analysis showed similar findings to the previous studies, such that 2, 3, and 6 members had 1 intron, 2 introns, and 3 introns, respectively (Table 1) . It was suggested that GRF genes in Brachypodium may have a similar history as in other monocot and dicot plants and that these GRF genes were not well conserved in the Brachypodium genome. Phylogenetic analysis revealed that Brachypodium GRF proteins were more closely clustered with maize and rice than in Arabidopsis, including high bootstrap values of 78% and 94% in maize and rice, respectively, in subgroup C. In contrast, the highest bootstrap value was found only between BdGRF3 and BdGRF6 (57%). As indicated in Figure 5 , there were no higher bootstrap values in the joined tree ( Figure 6 ). This could be explained by the fact that some BdGRF genes were more similar to the GRF genes of other monocot species; this result may be related to GRF gene structures, which could be affected by some genomic forces, including insertion, deletion, and transposon activities. Furthermore, GRF proteins were clustered with Arabidopsis in subgroups B, C, and G ( Figure  6 ). In a phylogenetic tree, it was shown that Arabidopsis and rice GRF proteins were clustered together within 3 subfamilies as A, B, and C (Choi et al., 2004) . Our findings are consistent with these results. It can be proposed that the orthology of GRF genes may cause clustering of monocot and dicot subgroups in the joined tree and may reflect the functional conservation of plant GRFs. Although some gene families are more dynamic, others are more conserved and orthologous (Martinez, 2011) . GRF genes could be conserved and they showed orthology in plants that generated mixed subgroups, including monocot and dicot plants, in the joined phylogenetic tree (Figure 6 ).
Gene duplication events affect gene family distribution in the genome (Cannon et al., 2004) . Duplications in plant genomes include various scales containing tandem and segmental duplications (small-scale) or whole-genome duplications (large-scale) (Ramsey and Figure 6 . Phylogenetic tree of Brachypodium, Arabidopsis, maize, and rice GRF proteins. The phylogenetic tree was generated using the MEGA 5.1 program with the neighbor-joining method.
Schemske, 1998). Tandem duplication contains 2 or more genes located in the same chromosome; on the contrary, segmental duplications require gene duplications between different chromosomes . In Arabidopsis, approximately 25% of genes were produced by wholegenome duplication; in contrast, approximately 16% of genes were tandem duplicates (Rizzon et al., 2006) . In our study, single gene duplication was identified as segmental between BdGRF3 and BdGRF6 (Figure 2 ). Genome distribution of GRF genes indicated that segmental duplication somewhat contributed to the expansion of Brachypodium GRF genes. In addition, the phylogenetic tree supports that these genes were clustered together with the highest bootstrap value (100%) in the main group II ( Figure 5 ).
Putative functional evaluations of BdGRF proteins were performed based on the information retrieved from the Gramene GO database (Table 3 ). The GO classification method improves our understanding of gene classifications in terms of their associated biological processes, cellular components, and molecular functions (Conesa et al., 2005) . In this study, the functional classifications of BdGRF proteins were observed in the same GO groups. For instance, according to their molecular function predictions, all BdGRF proteins were found to reside in the same groups as "ATP binding" (GO:0005524) and "hydrolase activity, acting on acid anhydrides, in phosphoruscontaining anhydrides" (GO:0016818). Additionally, their cellular biological processes were proposed to belong to the "regulation of transcription, DNA-dependent" group (GO:0006355). Furthermore, the cellular components of all BdGRF proteins were determined in the same localization, as "nucleus" (GO:0005634) (Table 3 ). These data showed that BdGRF proteins could have similar biological roles and functions. Based on the detailed functional studies on Arabidopsis, GRF proteins were proposed to be related to development, regulations of leaf size and shape, and the transcriptional regulation of stress genes acting as activators or repressors (Horiguchi et al., 2005; Kim et al., 2012) . By considering the homology and/or orthology modeling of Arabidopsis and Brachypodium GRF genes, particular functions of BdGRF genes can be estimated. In our study, it is noteworthy that functional predictions of BdGRF proteins were based on the gene annotations. For future studies, these predictions need to be proven by functional evidence. We assume that the identification of BdGRF genes and the represented data will be helpful for the further functional identifications of BdGRF proteins.
In conclusion, this research has contributed to the understanding of the GRF gene family of Brachypodium. In addition, identification and phylogenetic and comparative analyses of BdGRF genes could be useful for the discovery of new GRF members in other plant species, especially in grasses.
